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SECTION 1|
INTRODUCTION AND SUMMARY

INTRODUCTION

Aircraft turbine engines have increased in complexity in recent years, and
the engine cycles now being evaluated for future applications are even more
complex. The older generation of engines in use today are basically fixed-
geometry designs with only fuel flow and perhaps nozzle area as variables. Newer
engines, like the Pratt & Whitney Aircraft F100, use variable geometry in the fan
and/or compressor stators. Future engines, the so-called variable cycle engines,

may also have variable turbine geometry.

The trend toward more complex engines has resulted in additional
requirements for the control system. Control systems for older engines required
the measurement of three or four parameters and the control of only one or two
variables. Controls for future engines will require the measurement of many
parameters (perhaps 10 to 20) to control a significant number of engine variables,
(perhaps 6 to 10). Operational requirements have also becor.e more stringent,
necessitating increased control system capability in terms of accuracy and
response. The use of closed-loop control to give better operation of the engine in
accordance with performance and limiting requirements is replacing the

scheduling type (open loop) controls used on older engines.

Classical control design techniques, which involve the evaluation of each
controlling loop individually, have worked well for older, simpler engines.
However, such techniques are cumbersome and time-consuming when applied to
variable cycle-type engines; therefore, optimal control techniques using modern
control theory are now being investigated. The linear quadratic regulator (LQR)
is one specific area of modern control theory that appears to be suited to the
engine control problem due to the emphasis on maintaining “optimum” engine
performance in the presence of a wide variety of external disturbances (i.e.,
aircraft maneuvers, horsepower, and bleed extractions, etc.) and the requirement

for fast engine power transients.




The objective of the F100 multivariable control research program is to
extend the LQR theory to develop a “practical” control system that can operate
a state-of-the-art gas turbine engine over its entire flight envelope. The engine
selected for this program is a Pratt & Whitney Aircraft F100 afterburning
turbofan. To determine the adequacy of the control synthesis effort, the resulting
control logic will be incorporated into a digital computer/controller. This
controller will then be evaluated in conjunction with a hybrid engine simulation.
If successful, F100 engine tests will be conducted at a NASA Lewis Research
Center altitude test facility.

SUMMARY

The Air Force Aero Propulsion Laboratory and NASA Lewis Research
Center have jointly sponsored this control development and evaluation effort.
NASA Lewis will provide the digital computer/controller, engine hardware
interfaces, the hybrid computer real-time engine simuiation, engine altitude test
facilities, and engineering manpower to fully evaluate the LQR control system.
The Air Force provided contracts for two supporting contractors: Pratt &
Whitney Aircraft, an engine manufacturer, and Systems Control, Inc. (Vt), a
control research organization. These contractors, although separately funded,
have integrated their efforts as outlined in Figure 1 to develop and evaluate a

control system for the F100 engine using a modern control approach.

Pratt & Whitney Aircraft had prime responsibility to define the F100 engine
via digital computer simulations, to assist NASA Lewis in establishing the
necessary engine/computer interface hardware, to establish control criteria, to
define the basic requirements of a F100 control system, and, in conjunction with
the control contractor, to support the Government. in their evaluation of the LQR

engine control system.

Systems Control, Inc., had prime responsibility to develop the LQR control
logic and demonstrate that this logic can: (1) successfully control the F100
dynamic digital engine simulation over its operating range, (2) be adequately
programed on NASA’s digital computer/controller, and (3) control both the

hybrid computer real-time engine simulation and the F100 engine in an altitude

test facility. 4
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Figure 1. Total Engine Support Program Outline

The total program, as shown in Figure 1, is a 19-month Phase I effort,
culminating in a hybrid computer evaluation of the control system, and a
6-month Phase II effort, concluding in a F100 engine test and evaluation in a
NASA Lewis altitude test facility. At the conclusion of the Phase I effort, P& WA,
SCI, and NASA will each report on the work conducted. Only NASA will report
on the Phase II tests.




The work conducted by P&WA during Phase I of the contract is presented in
this report. The F100 nonlinear dynamic engine simulation, which provides the
basis for the advanced control logic development, is described. The method used
to generate the linear engine models from this nonlinear simulation is discussed,
and linear model data for 35 different flight points and power settings are
presented. Sensor and actuator dynamics are discussed and the significant
control features characterized for inclusion in the control design process. Criteria
for design and evaluation of engine control logic are also presented. A brief
description and preliminary evaluation of the muitivariable control research

logic are presented. Finally, directions for future control research and develop-

ment programs are recommended.




SECTION 1l
F100 ENGINE DESCRIPTION

The engine selected for this research program is a Pratt & Whitney Aircraft :
F100 afterburning turbofan, representative of current high-technology engines as
illustrated in Figure 2. The F100-PW-100 is a low-bypass-ratio, twin-spool, axial-

flow turbofan engine, consisting of the following components:

’ ® Three-stage fan driven by a two-stage turbine
® Ten-stage compressor driven by an aircooled two-stage turbine |
® Main burner with an annular chamber

® Annular fan duct that surrounds the basic gas generator and

discharges air in the mixed-flow augmentor
® Variable area nozzle

Fan
Compressor Air-Cooled Turbines

Bypass Duct Augmentor

———

.....

s b

e

Variable Ccnvergent

Electronic Control Divergent Nozzle

Variable Geometry

FD 508

Figure 2. F100 High Technology Engine
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An inlet guide vane with a movable trailing edge to achieve variable airfoil
camber is used ahead of the fan to improve inlet distortion tolerance and fan
efficiency. The first three stators of the high compressor are variable to improve
starting and high Mach number characteristics. Airflow bleed is extracted at the
compressor exit for installation requirements and starting. The exhaust nozzle
for the engine is a balance beam design with actuated divergent flap. The
variable geometry of the balanced-beam nozzle enables all three nozzle
performance parameters (nozzle area, expansion ratio, and boat-tail drag) to be
simultaneously near optimum through the operating range. The fuel control is
basically hydromechanical with an engine mounted digital electronic supervisory
control. The engine has great potential for being adapted to an all-digital
electronic control, which would then allow more versatile control and permit fully
optimized engine operation at all flight conditions. In addition, an all-digital
electronic control could accommodate the multivariable control logic to be
developed in this program. This engine, being one of the most modern
operational engines, has been selected by the Lewis Research Center for their
Full-Scale Engine Research (FSER) Program. Among the FSER program
objectives will be the F100 engine test and evaluation of the multivariable

control.




SECTION Il
F100 ENGINE DYNAMIC SIMULATION

NONLINEAR DECK

The F100 dynamic simulation used for this program consists of individual
representations of the major engine components, such as the fan, compressor,
burner, turbines, duct, and augmentor; with gas law relationships governing the
component performance and interactions. The dynamic or time-varying rela-
tionships are based on natural laws of conservation of mass and energy.
Calculations are made using the rotor inertial effects, enclosed volume capacitive
effects, and transient heat transfer effects. Dynamic elements, such as
integrators and first order time lags, are modeled with recursion formulas. The
relationships and calculations combine to form a set of simultaneous, nonlinear
differential equations. Figure 3 illustrates the F100 dynamic simulation gas path
equations. The simulation also includes an option for using the current F100
engine control. The two primary components for controlling engine operation are
the engine electronic control (EEC) and the unified fuel control (UFC). The UFC
provides basic scheduling for primary and augmentor fuel flow and distribution,
high compressor variable geometry settings (RCVV), compressor bleeds (BLC),
and nozzle area setting (A;). The EEC provides trim to the unified control for
aircraft/engine coordination. This is accomplished by trimming engine fuel flow
(WFMB), fan inlet guide vanes (CIVV), and nozzle area based on feedback
signals from the engine to maximize performance. Engine station designations

are identified in Figure 4.
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Figure 4. F100 Component and Station Identification

LINEAR MODEL

The linear F100 model provided is of the form:

4’@
X AX BU ).( Ly« DL
X = a5
B = Y
Y + i+ I:S} +

Y = CX + DU

where X ic the vector of state variables, such as pressures and rotor speeds, X is
the time derivative of the state vector, U is the vector of control inputs, such as
fuel flow and exhaust nozzle area, and Y is the vector of observed parameters,
such as thrust or airflow. “A” is the plant matrix and its elements are the partials
from each state variable to each state variable time derivative. Elements of the
output matrix “C” define the effect of each state variable on each observed
variable. The control matrix “B” and the direct couple matrix “D” define the
effect of each control variable on each state variable time derivative and each

observed parameter, respectively.

11
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The linear model should be as simple as possible, but complex enough to

contain all dynamic effects within the controllable bandwidth. For this program,

a linear model was provided that contained all 16 states represented in the

nonlinear F100 dynamic simulation. It was expected that these linear models

would be simplified by SCI prior to the control system design.

State variables, engine inputs, and engine outputs utilized in this program

are listed below. Augmentor fuel flow was not selected as an engine input to limit

the scope of the multivariable control design to the nonaugmented engine

operating regimes.

1. Engine State Variables

Fan Speed, SNFAN (N,) - rpn.
Compressor Speed, SNCOM (N,) - rpm
Compressor Discharge Pressure, Py, - psia
Interturbine Volume Pressure, Py, - psia
Augmentor Pressure, P, - psia

rFI“an Inside Diameter Discharge Temperature,
o
t2.5h ~

Duct Temperature, T, ;. - °R

Compressor Discharge Temperature, Ty, - °R
Burner Exit Fast Response Temperature, Ty - °R
Burner Exit Slow Response Temperature, T\, - °R
Burner Exit Total Temperature, T, - °R

Fan Turbine Inlet Fast Response Temperature,

Ttl.ﬁhl -°
rI;‘an Turbine Inlet Slow Response Temperature,
o
t4.5l0 ~

Fan Turbine Exit Temperature, T, - °R
Duct Exit Temperature, T\, - °R
Duct Exit Temperature, T,;m - °R

12
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2. Engine Inputs

U, = Main Burner Fuel Flow, WFMB - ib/hr

U, = Nozzle Jet Area, A, - ft?

U; = Inlet Guide Vane Position, CIVV - deg

U, = High Compressor Variable Vane Position, RCVV - deg
Us; = Customer Compressor Bleed Flow, BLC - %

3. Engine Outputs

Y, = Engine Net Thrust Level, FN - 1b

Y, = Total Engine Airflow, WFAN - 1b/sec
Y; = Turbine Inlet Temperature, T, - °R
Y, = Fan Stall Margin, SMAF

Y: = Compressor Stall Margin, SMHC

Yo = Fan EXIt AP/Pa (Pez.s s Psz.b)/Plz.m
based on test data

Y, = Fan Exit AP/P s (Peas— Psz.e)/P 82.59
theoretical function of area and airflow.

These states, inputs, and outputs can be noted on Figure 3. The 16 states are the
outputs of the 16 integrations. In the heat transfer cases, the integrations are

implied by the transfer functions.

The matrix coefficients for this program were generated by Pratt & Whitney
Aircraft using an offset derivative technique with a forced steady-state match.
This technique was computerized on the F100 dynamic simulation and operated

as follows.

® Each X was perturbed one at a time while holding all other X’s
and all U’s constant. This allows calculations of the A and C

matrix components.

X = AX + B0
Y=CX+DO




For a simple 2X2 A, B, C, D example:

K, = X% Cy = YJ/X,

ks = %%, Cu = Y/X,

= ).(Jxx Ca = Yz/xx

Ca = YJ/X,

Cij = YI/Yj
Each U is then perturbed, one at a time, with the simulation
operating in the steady-state mode. This forces the B and D

matrixes into a steady-state match for X and Y with per-
turbations in U.

AX + BU =0
CX+DU=Y
A, C = known

For a simple 2X2 A, B, C, D example:

B, = —(A;X, + A.X,)/U,

B, = —(A;X, + A X,)/U,

B, = —(A,X, + A,X,)/U,
= —(AxX, + A;X,)/U,
= (Y, - CuX, = Csz)/Ul
= (Y, = CuX, — CpX,)/U,
= (Y, — CX, — szxz)/Ux
= (Y, — CuX, — CX))/U,

ij = —(Ai, X, + Ai,X; + ...)/Uj
(Yi - Ci,X, - Ci, X, - ...)/Uj

The complete set of A, B, C, and D matrix coefficients is provided in
Appendix B

Several different levels of perturbations on the states (X’s) and inputs (U’s)
were evaluated at sea level static (SLS) idle. For other programs this has proved
to be the most difficult point to obtain good linear models. This was also true for

this program, so idle was used for model and perturbation comparisons.

14




Statistical error indexes were calculated to mathematically compare the
different perturbation combinations. The error index is an indicator of how
closely the response of the linear and nonlinear models match as a function of
time. The error index was defined as:

-\Xn"AXnn)z

b e.
Error Index for State X \/ = ( A% .

where: AX, =Linear model state variable change in response to ‘
a change in U ',

AX,, =Nonlinear model state variable change in response
to a change in U

i =Points in time selected for comparison
n = Number of points selected.

For these studies, every sample time (0.007 sec) was used in the error index for ‘

8-sec transients.

Figure 5 illustrates error index differences for each of the 16 states with

various levels of input steps. Error indexes of less than 0.001 provided a good

. T S o S

transient match to the nonlinear deck, as illustrated by Figure 6, which compares
linear and nonlinear responses at SLS idle for a fuel flow step. Studies at other
power settings and flight conditions showed the ‘“‘best” overall agreement
between linear and nonlinear model occurred when the states were perturbed

0.5% and the inputs were perturbed as follows:

WFMB 3%
A, 3% !
CIVV 5 deg
RCVV 1 deg
BLC 0.2%

ke
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Figure 5. Error Index Differences
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Figure 6. Sixteen-State Linear to Nonlincar Model Comparisun -

Idle Power
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The same perturbation steps were used for all linear model development.
Figure 7 compares the linear and nonlinear model responses at intermediate
power for other parameters. Illustrated are fuel flow, burner pressure, turbine
inlet temperature, and fan stall margin changes. The slight steady-state
differences that occur are attributed to deck tolerances, and the models are
considered to be in good agreement.

Advantages of the offset derivative method are short computer run time and
improved steady-state matching. The dynainic characteristics (system eigen-
values and time response) of the linear models generated by this technique have
been found to be similar to those generated using the least square coefficient
matching technique in system output data. One disadvantage is that the offset
derivative technique does not have the potential of being applied directly to test
data.

17
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SECTION IV

SENSOR AND ACTUATOR CHARACTERISTICS

The dynamic characteristics of the control actuators and sensors have been
linearized as described in the following paragraphs. These linear models were
added to the linear engine model to obtain a total plant (sensor-engine-actuator)
model for use in the LQR synthesis process. In many cases, the nonlinear effects
that have been removed have a significant effect on the system operation so that

the results of the linear analysis must be carefully interpreted.

The five control variables (WFMB, RCVV, CIVV, A, and BLC) are
positioned by actuators with limits and maximum slew rates, as shown in
Table 1.

Table 1. Actuator Limits and Maximum Rates

Actuator Maximum Minimum Rate Limits

WFMB 16,300 tb/hr 450 1b/hr 15,800 1b/hr/sec

RCVV 4 deg ~40 deg 40 deg/sec
(Axial) (Cambered)

CIVV 0 deg ~40 deg 48 deg/sec
(Axial) (Cambered)

A 6.4 ft? 2.8 ft? 1.8 to 3.6 ft?/sec

BLC 6% 0 Instantaneous

The dynamics of the main burner fuel flow (WFMB) path are dominated by
the fuel metering valve and the pump controller, which also regulates the system
pressure. The hysteresis represents an accumulation of mechanical backlash in
the linkages and servos of the hydromechanical control system. The fuel flow
hysteresis effects are relatively small and can be removed with no serious

consequences. The fuel flow dynamics can then be represented by a series of two

simple first order elements (Figure 8).
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Fuel System

Fuel Pump
Controller
l 3
Fuel Flow Hysteresis Fuel Flow
— = CEffects o Motering 4
Request | (See Chart) ghe To Engine
Fuel Flow (PPH) |  Hysteresis (+PPH)
450 to 800 14
4,000 27
8,000 51
10,400 to 16,300 95
Linearized Dynamics
Metering Valve Pump Controller
Fuel Flow 1 1 Fuel Flow
i s —
FD 99653

Figure 8. Main Burner Fuel Flow Dynamics

The rear compressor variable vane (RCVV) actuation system (Figure 9) is
characterized by nonlinear actuation rates and vane linkage hysteresis. This loop
can be linearized by replacing the control rate curve with a gain of 40 deg/sec and
removing the linkage hysteresis function. These nonlinear items are significant

and must be considered as the control analysis proceeds.

The compressor inlet variable vane (CIVV) actuation system includes a
stepper motor interface (Figure 10). This loop is linearized by assuming the
stepper motor is continuously variable and removing the nonlinear control rate
and position limits. There is no significant hysteresis in\ the CIVV system.

The exhaust nozzle jet area (A,) control synamics, (Figure 11) are highly
dependent on the nozzle pressure loading conditions and the pneumatic power

supply pressures and temperatures. The linearized representation is derived from

a nonlinear simulation model and is valid for input steps of +3%. The damping
20




(0.27 to 0.56) and natural frequency (3 to 6 Hz) ranges include the effects of both

flight condition and power setting variations.

The customer bleed (BLC) actuator is not part of the F100 system. Test data

show the response of this valve to be virtually instantaneous. For a practical

system, a servo time constant of 0.02 sec can be assumed.

With the exception of the FTIT and T\, ; sensors, the engine sensors can be ,
represented by first order time constants, as presented in Table II. The fan speed 4
(N,) sensor dynamics represent an electronic blade counting device. The !
compressor speed (N,) sensor is a hydromechanical device mounted on the main
fuel pump. The T\, sensor response is typical of a shielded thermocouple placed
directly in the airstream. The pressure sensor (P,) represents a hydromechanical
device used with the current control. A typical electrical pressure sensor that has
been set up to avoid excessive line dynamics would be faster with a time constant 4
on the order of 0.01 to 0.02 sec. |

RCVV System

Noni Mechanical
onlinear i
Position Vane Ratele| Servo || Power fysbesse ] Row f
Request (See Chart) System Cylinder Stops Position 5
i (£ 2 deg) ;
RCVV Error Vane Slew Rate 2
(deg) (deg/sec 3:
-50.0 -40.0
- 1.0 -40.0 :
- 05 0.0
0.5 0.0
1.0 40.0
50.0 40.0
Linearized Dynamics
Servo System Power Cylinder
Position Request RCVV Position

T A L %
+'<}> oo +1[ T s |

Figure 9. RCVV Actuation System

FD 99674A
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Table II. Sensor Dynamics

Time Constant

Parameter (sec) Comments
: N, 0.03 Electronic Device
L N, 0.05 Hydromechanical Device
Tea 1.5 Shielded Thermocouple ‘
] P, 0.05 Hydromechanical Device
The T\, ;,c and FTIT sensor models are shown in Figure 12. The T,,.5C sensor ]

is a unique design that has been configured for the F100 application. A typical
| electrical sensor at station 2.5 would have a time constant on the order of 1.5 sec
(similar to the T, sensor). The FTIT sensor has been set up to match sensor test
data at sea level static conditions. This model was found to provide a good

ol g

representation over the flight envelope. Limited life instrumentation probes

E located at this station could be represented by a 1.0-sec time constant.

T12.5c Sensor

: 15.58 + 1
T 38 + 1 ——

t2.5¢ TS +1|" |{10S + 1) (0.65 + 1) Te2.5¢
4 = Sensed

i

AD ——8.86"-—-——1'097 el e 15
xv)unt WAD o
Airflow)

FTIT Sensor

4 o

52 0.309
: " | 0.5958 + 1
i | +

FTIT FIT
. Sensed
0.691

i 5.49S + 1
i FD 99657A

Figure 12. Ty and FTIT Sensor Dynamics
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SECTION V

F100 ENGINE CONTROL CRITERIA

Advanced propulsion systems operate at or near design limits with tight
control of speed, pressure, temperature, and airflow to achieve maximum
performance while maintaining engine durability. An accurate and reliable
control system is required to ensure high engine performance and operational
stability throughout the flight envelope. The control system must sense pilot
commands, airframe requirements, and critical engine parameters; compute the
necessary schedules; and actuate system variables for total engine control over
the full range of operation. Mission, airframe, and engine requirements are
combined to generate a control criteria list as shown on Table III. These criteria
may differ in details for more complex propulsion systems, but the general
character will be the same. Table III represents an approximate priority list of
the design criteria for the F100 system. Engine protection is at the top of the list
because of concern for aircraft safety. In cases where safety of the aircraft
depends on engine dynamics (for example, V/STOL), transient response would

move to the top of the list, along with engine protection.
ENGINE PROTECTION

Limiting values that must not be exceeded to ensure adequate protection of

the engine are described in the following paragraphs.

Temperature Limits

The actual temperatures that must be maintained within limits to protect
the engine are T,; (compressor discharge temperature) and T, (turbine inlet
temperature). The T, limit is based on maximum allowable metal temperature
and the fact that turbine cooling effectiveness decreases rapidly above this value.
The T, limit is based on maximum allowable metal temperature and turbine life

considerations.

25




Table III. Outline of Control Criteria

Engine Protection
Temperature limits
Speed Limits
Pressure Limit
Structural Stability

Engine Stability

Engine Fluctuations
Fan and Compressor Stall Margins

Augmentor Spikes
Compatibility With Inlet/Aircraft
Airflow Corridor

Minimum Burner Pressure
Steady-State Performance and Accuracy

Thrust Modulation
Thrust and Fuel Consumption Requirements

Control Sensitivity

Deterioration
Installation

Inlet Conditions
Augmentor Ignition

Repeatability
Transient Requirements

Thrust Monotonic Function of Time
Acceleration and Deceleration Times
Combustion Stability

Trim Capability/Procedure
Start/Transition Capability

26
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The current control limits FTIT (fan turbine inlet temperature) to maintain
T,, and T,,, as described above. Engine performance simulations (based on test
data) are used to obtain correlations of T,; and T, with FTIT over a range of
engine operating conditions. The correlations are then combined into & schedule

of FTIT as a function of T\, (engine inlet total temperature).

To help meet transient response requirements, it is allowable to exceed the
FTIT limit for a period of not more than 0.5 sec.

Speed Limits

Fan speed (N,) is limited as a function of T, (engine inlet total
temperature). Under normal conditions, N, will be scheduled below the limit
because of performance and stability considerations. Compressor physical speed
(N,) is limited to an absolute maximum value. Usually N, is maintained safely
below this level. Any overspeed requires at least a visual inspection of the high

rotor.

Pressure Limit

To assure structural integrity, burner pressure is limited to a maximum
value. This limit is normally encountered only at low-altitude, high Mach

number conditions.

Structural Stability

Engine fan and compressor variable geometry must be scheduled within the

flutter boundaries.
ENGINE STABILITY

Engine Fluctuations

Under steady-state operating conditions, engine thrust fluctuations between
ground idle and maximum continuous thrust must not exceed +1% of
intermediate thrust or +5% of the thrust available at the power lever position
and flight condition, whichever is less. During operation above intermediate
thrust, fluctuations must not exceed +1% of the thrust available at the

27
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condition. During engine transients, the variation of engine airflow from the
corresponding steady-state values of the power setting selected must not cause

propulsion system instability.
Fan and Compressor Stall Margins
The ground rule for fan and compressor stability is to not allow fan stall

margin to go below 0.15 or compressor stall margin to go below 0.05. Stall margin
is defined by:

[ (Pressure Ratio Stall - Pressure Ratio Operating)
SM = :l

Pressure Ratio Stall
At constant airflow

Augmentor Pressure Spikes

Jet area and augmentor fuel flow must be coordinated during augmentor
transients so that the resulting pressure spikes are within the limit. Pressure
upspikes are caused by A; being too small and can result in fan stalls.
Downspikes are caused by A; being too large and can result in augmentor
blowouts. (Augmented engine operation will not be investigated in this program.

However, pressure spikes resulting from augmentor initiation will be considered.)
COMPATIBILITY WITH INLET/AIRCRAFT
Airflow Corridor

Engine airflow limits are set by inlet constraints. Airflow variation is

restricted for supersonic operation to help maintain the inlet shock at a desirable

location.

Minimum Burner Pressure

To provide accessory air for various aircraft subsystems, it is required that

engine burner pressure be maintained above a minimum level of 50 psia.
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STEADY-STATE PERFORMANCE AND ACCURACY
Thrust Modulation

The relationship between thrust and power lever is of the fully modulated
type, free of abrupt changes and essentially linear with a thrust step of not more
than 4% of intermediate rated thrust when augmentation is initiated or

terminated.

Thrust and Fuel Consumption Requirements

Engine thrust and fuel consumption specifications are given in engine

specification tables.
Control Sensitivity

Deterioration

The engine must be controlled to maintain the required thrust, regardless of
engine deterioration, except where the level of deterioration is such that the
engine limits would be exceeded. Fan and compressor efficiency decrements of 1

to 2% are typical. Turbine efficiency losses up to 3% also have been experienced.

Installation

The engine must be controlled so that thrust is insensitive to variations in
horsepower extraction and customer bleed flow up to the point where engine

limits would be exceeded.

Inlet Conditions

The engine must operate satisfactorily in the face of inlet pressure (P,,) and
temperature (T,,) variations and rates of change of inlet conditions common to
the operation of highly maneuverable aircraft. Steady-state inlet variations are
less than 1% of P,, and T,,. For aircraft accelerations, P,, and T\, rates of change
of 0.15 psia/sec and 2°F/sec are representative. For aircraft decelerations, the

rates may be as much as —0.5 psia/sec and —7°F/sec.

29




Augmentor Ignition

The control must be insensitive to augmentor ignition pulse.

Repeatability

Stabilized thrust at any power lever position must be repeatable.
TRANSIENT REQUIREMENTS

Thrust Monotonic Function of Time

For increases or decreases in power lever angle, engine thrust must be a

monotonically increasing or decreasing functic of time, respectively.

Acceleration and Deceleration Times

Transient thrust response requirements are specified for sea level static,
standard day, uninstalled conditions (Table IV). With maximum horsepower
extraction and bleed flow, the response times typically cannot exceed 125% of
these values. Idle thrust is defined as the lowest attainable engine thrust,
intermediate as the highest nonaugmented thrust, and maximum is defined as
the highest augmented engine thrust.

Table IV. F100 Transient Thrust Requirements

Thrust
Change Idle- 30% Intermediate- Idle- Intermediate- Maximum- Intermediate-
(%) Intermediate Intermediate Maximum Maximum  Intermediate Idle
90 4 3.5 8 4.5 2 3
98 15 15 15 12 7 20

Note:  All times are given in seconds to achieve the indicated % of thrust change for sea level-static
standard day, with no bleed flow or horsepower extraction.

1)

For thrust increments of +3000 1b, starting from a stabilized thrust between
25 and 45% of intermediate thrust available, the time for 90% of the thrust

response shall not exceed 1.2 sec.
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Combustion Stability

Primary burner fuel flow must be maintained at a sufficiently high level

during engine decelerations so that no blowout of the burner can occur.

TRIM CAPABILITY.

External adjustments to the control must have sufficient range to permit the
engine to produce, under standard sea level conditions, rated thrust or higher
above the idle power level position; rated thrust or lower at the idle power lever
position; rated specific fuel consumption or lower above the idle power lever
position, and rated fuel flow or lower at the idle power lever position within the
limits of the measured gas temperature, rotor speeds, airflows and engine

pressure ratio associated with the ratings.

START/TRANSITION

For this program, the engine will be started using the current F100 control
system. Provision must be made for transition to the multivariable control mode

at idle power.
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SECTION VI
FLIGHT POINT SELECTION

The flight points at which the control is to be evaluated were selected jointly
by P&WA/SCI/NASA/AFAPL.

Sixteen points were chosen to fully describe the operational flight envelope,
with emphasis on regions of extreme conditions of pressure, temperature and
control system limitations. Basic design points were also included for system
evaluation. Table V shows the selected flight condition points and the tests that

will be run on each. Figures 13 and 14 show plots of each of the points as

altitude/Mach number and inlet condition maps respectively.




X X juog 1891, VSVN 229 g9'1 o1 21 1
X X X jutod 183L VSVN  0GL 69°0 ¢'ge gtz b
. X jutod duosiadng moT  ¢H9 101 o 81 d
X X X aImssald JtweuA( YStH  LEL 0S'2 02 81 u
: X X X pNINY Y3t  gg9 S0°'g GL g1 w
X X X X jutod udisa(g oiseq 6Ly 0S0 0¢ 60 |
X X UN Y3!H 9.8 ¥8'0 c9 94 A
X X X g Mo ¥Gh 01°0 c9 60 (
X X X apMNY WNIP3JAl ‘U MO HG¥ Sz'0 cp 60 U
X X X apMINY WNIPAN ‘U YSTH  89L 6L'1 oF o . R
X X X julod ywry °d 899 ov'e 0 A J
X apMNy WNIPIN ‘U M0T  ZFF  8E°0 0¢ 90
X X X g 1831, VSYN 619 88°0 o1 90 P
. X pMNY MOT ‘U MOT 9G¥ 6¥0 0% £ .. o
X X X X Jmog uisaq oseg  g9¢  OT'T o1 60 4
| X X X juroq udse(y oseg 61 00T 0 o . ®
w sputog 383,  syu0d 183, spulod  sjutod u012714) (Yo) ©L (wiv) g [(spubsnoy]) 3f] oN juiog
| ourduy YSVN PMQAH VSVN uouompag (apoj apniny Yooy

usisaq [pS 4vaury

sjutod 3saL, USILI PAIOSIAS “A O[qBL




B sa B ‘sputod WS paroajeg I amsig

909201 40
¥o - UL ‘umesadwa) [e10] 13juj surdug

006 008 00L 009 00 0or o
(@ o o
3
EX
z
E. -
LY J g
o. m
o0, b
b g
s ® :
P E
@ ° w~ WS

q
u. ._.
u® 1@
0ol

PQUINN

YOO $a 2pmINY ‘sput0d Sy pa1oajag gl andig

09201 4a

15quInN yoR

1@

b @

(®

ol

174

0ot

0s

oL

08

apunly

(spuesnoyy) i -




SECTION VI
CONTROL SYSTEM DESCRIPTION AND EVALUATION

A simplified schematic of the F100 multivariable control algorithm,
developed by Systems Control, Inc. (Vt), is shown in Figure 15. This algorithm
was developed using reduced order linear models derived from the sixteenth order
linear models provided by P&WA. Reference schedules and limits, based on the
requested power setting and flight condition, were provided for the following
engine state, control, and trim variables. These were obtained by exercising the

nonlinear simulation.

1. Engine State Variables

Low rotor speed (N,)

High rotor speed (N,)

Burner Pressure (P,)
Augmentor pressure (Py)

Main burner fuel flow (WFMB)

2. Control Variables

Main burner fuel flow (WFMB)
Exhaust nozzle area (A))
Compressor inlet variable vanes (CIVV)

Rear compressor variable vanes (RCVV)
Compressor bleeds (BLC)

3. Trim Variables

Fan turbine inlet temperature (FTIT)
Low rotor speed (N,)
Fan exit AP/P

Burner pressure (P)

The transition control logic operates on the reference schedules to provide a

transient reference for the controller to follow for any magnitude input.
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Transition commands, designed to avoid excessive error terms, which can lead to
erroneous control action and/or saturation of controls, are calculated from an
analysis of linearized engine data to provide desired rates of change on engine

output variabl<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>